We characterize the optical modulation properties of a polyvinyl alcohol͞acrylamide (PVA͞AA) photopolymer at the lowest end of recorded spatial frequencies. To achieve this goal we have constructed a double beam interferometer in combination with the setup to expose the recording material. This is a novel approach since usually holographic recording materials are only characterized at high spatial frequencies. Some benefits are provided by the approach we propose: a direct calculation of the properties of the material is possible, and on the other hand additional information can be obtained since the results are not influenced by diffusion processes. Furthermore, this characterization is needed to optimize the PVA͞AA photopolymers for another range of applications, such as recording of diffractive optical elements, where very low spatial frequencies are recorded. Different PVA͞AA compositions and layer thicknesses have been analyzed. We have found that, depending on the layer characteristics, we can achieve high values of the phase-shift modulation depth and enhance the sensitivity of the material.
Introduction
Photopolymer based recording materials have been widely studied for holographic applications [1] [2] [3] [4] . Their good properties, such as high diffraction efficiencies, low noise, self-developing, easy preparation, high thickness, low cost, etc., make these holographic recording materials optimum candidates for many holographic devices such as holographic memories [5] [6] [7] . For these applications, good response of spatial frequencies, between 700 and 1500 lines͞mm, is required. In particular, polyvinyl alcohol͞acrylamide (PVA͞AA) materials have been deeply analyzed in holography [8 -10] and data storage [11] . Some theoretical models have been proposed [12] [13] [14] [15] to study these applications and to predict the material behavior during the recording process. To obtain the values for the modulation properties of the material, mainly the index modulation, nonlinear fitting of multiparametric models, such as the rigorous coupled-wave theory (RCWT) [8] , is applied to the experimentally measured diffracted and͞or transmitted intensity. Even though accurate values may be obtained with the holographic approach, it would also be very useful to obtain a direct measurement of the modulation properties of the material. It is also remarkable that the values obtained for the modulation properties at high spatial frequencies (more than 500 lines͞mm) contain both the influence of photopolymerization reaction and diffusion of the components in the material between the exposed and unexposed zones [13] . Depending on the strength assumed in the models for the two processes (photopolymerization and diffusion), the values for the material parameters may largely vary. This is partly the reason for the huge differences in the values of the characteristic parameters provided by different research teams [16 -20] for very similar compounds. Therefore, it would be a clear advantage to have some technique at hand so as to measure the characteristics of the material isolating one of the two processes.
In the last 10 years, some studies have been carried out dealing with the recording of very low spatial frequencies (less than 10 lines͞mm) in PVA͞AA based layers. In [21] a contact-copying process was used to transfer low spatial frequency diffractive optical elements (DOEs) from binary amplitude masks [22] onto the photopolymer, with good results. The same technique was used to analyze the suitability of a wide range of holographic recording materials at low spatial frequencies so as to register DOEs and optical correlation filters [23] . Recently, some works based on low spatial frequencies recording have been presented [24] . These authors analyze the surface profile observed in PVA͞materials, concluding that the material swells at low spatial frequencies; another interesting work about the PVA͞AA volume changes during exposure was presented by Kelly et al. [25] , where they focused their attention on the influence of photopolymer components' refractive indexes.
We can conclude that very few studies have focused on the characteristics of holographic recording materials, and in particular of PVA͞AA photopolymers at low spatial frequencies, even though there are some applications, such as DOEs generation, where low spatial frequencies are recorded. In addition, the modulation properties of these materials are in general very different at low spatial frequencies in comparison with the results at the typical range of holographic spatial frequencies. In the limit of zero frequency recording, i.e., uniform exposure of the photosensitive layer, no diffusion processes are produced (at least in the transverse direction along the layer). Taking all this into account, we propose in this paper a characterization technique especially designed to obtain information about the modulation properties of the material at the zero spatial frequency recording limit. Furthermore, as opposed to holographic characterization, the data obtained in this case are directly related to the physical properties of the material without the need of nonlinear fitting of multiparametric models. In particular we use an interferometric technique to characterize different layers' compositions based on PVA͞AA photopolymers. This technique consists of a real time analysis of the phase shift as a function of exposure. First, we have studied thin layers ͑ϳ80 m thick͒ with the basic chemical composition using only one monomer (AA); second, we have analyzed the inclusion of a cross-linker monomer [N,NЈ-methylenebisacrylamide (BMA)]. This monomer is used to achieve higher values of refractive index modulation and to obtain more stable gratings [3] . Work with thicker layers ͑ϳ800 m thick͒ allows higher values of phase modulation; nevertheless, the chemical compositions must be changed (to decrease the noise produced by the high concentrations of monomer and dye [7] ). We analyze the phase changes in these thick layers, focusing our attention in the importance of the cross-linker and the dye concentration.
Experimental Procedure

A. Experimental Setup
We have designed the experimental setup presented in Fig. 1 to measure the phase shift as a function of the exposure energy. The setup has two arms with an angular separation of 30°, one to expose the recording material, whereas the second arm is the interferometer used to measure, in real time, the phase shift. The recording material is perpendicularly oriented with respect to the interferometer axis in order to ease the analysis of the interferometric results: at an oblique incidence we should take into account both the Fresnel coefficients at the interface and the increase of distance in the propagation across the layer.
In the first arm, the exposure beam provided by a solid-state Nd-YVO 4 Verdi laser with a wavelength of 532 nm (at this wavelength the dye presents the maximum absorption) is expanded and collimated using a spatial filter and a lens, obtaining a beam with 1.5 cm of radius. A wave plate and a neutral filter (attenuator) are added before the spatial filter to control the orientation and the intensity of the linearly polarized beam produced by the Nd-YVO 4 laser. A polarizer (P), with its transmission axis oriented along the vertical of the laboratory, is introduced to produce a beam with TE polarization incident onto the recording material. This incident beam forms an angle of 30°with respect to the photopolymer layer. We adjust the laser power so that the exposure intensity that impinges on the layer is 0.4 mW͞cm 2 (this is the value corrected from the Fresnel coefficient at the air-photopolymer interface at an incidence of 30°for TE polarization). A half-opened diaphragm is used to leave an unexposed area in the photopolymer layer. In the interferometric arm, to generate the interferences pattern we use an He-Ne laser, since the photopolymer does not present any absorption at 633 nm. We have implemented a Young's fringes based two beams interferometer. This interferometer has been successfully applied in the phase-shift characterization of liquid-crystal displays (LCDs) [26] . It shows good precision, and, due to its quasi-common-path architecture, is a robust setup, less sensitive to changing environmental conditions and simpler to construct than Mach-Zehnder type interferometers. We use a grating with a spatial frequency of 4 lines͞mm to generate a series of diffracted orders from the unexpanded He-Ne beam; we block all the orders except Ϫ1 and ϩ1. One of the two orders impinges on the exposed zone (illuminated by the Nd-YVO 4 laser) and the other one impinges on the nonexposed zone. The distance between the two orders is approximately 1 cm, so as to eliminate the influence of the monomer diffusion in the polymerization process. Once the two orders have propagated throughout the photopolymer, a lens is used to make them interfere. A microscope objective is used to amplify the interference pattern onto a CCD camera, Hamamatsu model C5403. This pattern is captured in real time as a function of exposure at specific time intervals, then is digitized and transferred to a personal computer by a frame-grabber, Matrox model Meteor.
In Fig. 2 we show as an example the interference fringes captured at four different exposure times. We see how the fringes shift while the exposure time increases. The patterns show a very good visibility, a fact that implies the amplitude transmission does not vary with the exposure. Actually the material can be considered transparent to the 633 nm wavelength. Therefore, with this setup it is possible to plot the fringes moving as a function of the exposure time during the polymerization process and without the influence of monomer diffusion. In this sense, we have
Once the interference pattern has been stored, we measure the shift with respect to the initial pattern obtained for the unexposed layer. To increase the accuracy in this calculation, we cross correlate the different interference patterns with respect to the unexposed ones. The cross correlation produces a clear peak. The location of this peak for each exposure with respect to the center of the image is equal to the shift in the fringe pattern. A full fringe shift is equal to a 2 rad variation in the phase shift. In this experiment, the phase shift is directly related to the index modulation of the material. This simple and direct relation is not possible in the case of the holographic characterization, where multi-parametric diffusion models are used.
B. Photopolymer Layers
The PVA͞AA formulations contain a dye, a cosensitizer that is triethanolamine, one or two monomers (AA and or not BMA), and a polymer (PVA). Let us introduce some basic details related to the design of the composition of PVA͞AA photopolymer layers. Since the molecular weight of the PVA plays an important role in the monomer diffusion during the polymerization process [27] , different types of PVA have been used in the literature. Moreover, different dyes and different triethanolamine (TEA) concentrations are normally used to obtain different material properties (TEA is a liquid at ambient temperature and plays an important role in the monomer and polymer diffusion during the polymerization process as well [28] ).
In this paper, we consider PVA with a molecular weight of 130,000, and the TEA concentration is varied between 0.4 and 0.15 M (see Table 1 ). The photopolymerizable solution is prepared mixing yellowish eosin (YE, the dye), together with a mixture of AA (the monomer) and TEA (the co-initiator), and adding the PVA (the binder). In this study the solutions are prepared using a conventional magnetic stirrer, under red light, and in standard laboratory conditions (temperature, pressure, relative humidity). The solutions are deposited, by gravity, over glasses (size 20 cm ϫ 40 cm) in the case of thin layers and in polystyrene circular molds in the case of thick layers. Afterward the solutions are left in the dark to allow the water evaporation. When a high percentage of the water content has already evaporated [11] , the Fig. 2 . Fringe pattern for different exposure times (before exposing the material, after 60, 90, and 120 s, respectively). In particular, these images correspond to material 2 (see Table 1 ). thin material is cut into squares using a glass cutter; and the thick "dry" material is removed from the mold, cut into squares, and deposited, without the need of adhesive, onto the surface of glass plates (measuring 6.5 cm ϫ 6.5 cm). The water solutions used in this paper are presented in Table 1 . Composition types 1 and 2 are used to obtain thin layers, with thickness between 60 and 120 m; in the case of composition type 2 the BMA is included in the solution [29] . To obtain thick layers, with a thickness between 700 and 1000 m, we need to increase the PVA concentration (achieving more consistent layers). Solution type 3 has no BMA while solution type 4 has BMA as a cross-linker. In solution type 5 the dye concentration has been reduced 50% to obtain more penetration of the green beam inside the material.
Results and Discussion
In this section we present the experimental data obtained for different material compositions and different thicknesses. It is interesting to note that the material presents very different behavior for each composition. For instance, when cross-linker monomer is added, the polymerization rates increase drastically [29] . The size of the error bars included in the figures indicates the repeatability or our experiments. This repeatability is higher in thin layers and decreases when there are variations of the humidity and temperature in our laboratory during the drying process.
A. Thin Layers
Let us begin the analysis with the basic material composition (type 1). In Fig. 3 we show the phase shift between the bright and dark zones as a function of the exposure time for material type 1; these layers have a thickness of 70 m. We can see that after an exposure of 400 s ͑160 mJ͞cm 2 ͒, the material is in the saturation region and no more changes can be observed: it is possible to assume that the polymerization process is finished. The saturation energy value is in the range obtained when characterizing the material at high spatial frequencies ͑ϳ120 mJ͞cm 2 
͒.
The maximum phase-shift value is approximately 192°; this value is sufficient in-order to store binaryphase DOEs but it is too small to record nonbinary DOEs, as diffractive lenses, blazed gratings, or kinoforms, where a 360°phase-shift depth is generally required [30] .
To achieve higher values of phase shift, there are two possibilities: to increase the thickness or to increase the refractive index modulation. To increase the refractive index, we can use cross-linker monomers such as BMA. In Fig. 4(a) we present the results provided for material type 2 (for the same thickness of material type 1, 70 m). In Fig. 4(b) we present the results provided for material type 2 with a thickness of 115 m. It is possible to observe that if we use BMA in the chemical material composition, we obtain higher values of the phase shift. Particularly, in Fig. 4(b) , we achieve phase shifts significantly larger than 360°; that is, we can use this material to store nonbinary DOEs as lenses. The only important disavantage is the nonlinearity between exposure time and phase shift. Moreover, it is important to note the difference between the saturation exposure times for material type 1 (without BMA), shown in Fig. 1 , and type 2 (with BMA). Material type 1 presents saturation exposure times of approximately 300 s whereas in the case of material type 2 these times are approximately 200 s. This effect clearly shows the increase in the polymerization rate when BMA is present [29] .
B. Thick Layers
Due to their high dynamic range, the main application of the photopolymer-based thick layers is the development of holographic memories [31] . In this paper, this high dynamic range may possibly be translated into a high phase-shift depth, attractive for DOE generation. It is also interesting to analyze the phase-shift profile (linearity, saturation behavior) versus the exposure time in these thick layers in comparison with the results for thin layers. The chemical composition for these thick layers requires low dye and monomer concentrations, which produces a slower polymerization rate. Since we use low exposure intensity and the polymerization rate is very small in our experiments, it is possible to observe the inhibition period [32] [33] [34] of these materials. Figures 5(a) and 5(b) show the phase shift as a function of exposure time for chemical compositions type 3 and type 4 (without and with BMA, respectively), and for a thickness of 800 m. In this sense, it is possible to see that the inhibition time decreases when BMA is present. In addition to this, we observe the same effect analyzed in Subsection 3.A: BMA permits obtaining higher values of phase shift and higher material sensitivity (that is, the curve's slope is larger). Besides, we clearly see the linearity between phase shift and exposure time. The reason is that, even though the exposure time is very high (more than 600 s) the profile does not show a saturation performance. Phase-shift values larger than 1000°may be possible for these very thick layers.
Different Dye Concentration
One of the problems analyzed in some papers using composition types 3 and 4 (800 m thick) is the high attenuation of the light inside the material [35] [36] [37] (before exposure, the layer transmittance for a wavelength of 532 nm is approximately 0.05%). This means that polymerization only takes place in the first part of the material, so there are differences between the physical thickness of the layer and the effective optical thickness of the elements stored [36] . To reduce the material absorption and to use all the physical thickness, we have characterized material type 5, where the dye concentration has been reduced to 50%. The experimental data are plotted in Fig. 6 , where it is possible to see that the inhibition period is increased for this chemical composition. Furthermore, the energetic sensitivity of this material is very high: ϳ2000°of phase shift is achieved in only 500 s. This effect implies that the effective optical thickness of the layer is higher. In this sense, it is possible to see, after the first 80 s (the inhibition time), that there is a linear relation between phase shift and exposure time until 500 s, where the material reaches the saturation region.
Eventually, once we have characterized the different layers, it is important to remark that the huge phase shift between the bright and dark zones cannot only be explained by a refractive index modulation, that is, a certain degree of thickness variation between the bright and dark regions should clearly contribute to the phase shift. If we assume that there is no thickness variation, the saturation refractive index modulation should be approximately 5 ϫ 10 Ϫ3 for material type 1, 8 ϫ 10 Ϫ3 for material type 2, and 3.5 ϫ 10 Ϫ2 for material type 5. Taking into account these results, the thin layers' values are 30% higher than the typical values of refractive index modulation obtained in the holographic range, where the spatial frequencies are approximately 1000 lines͞mm. Furthermore, in the case of the holographic high spatial frequencies, there is an important contribution of free monomer coming from the nonexposed zones (monomer diffusion plays an important role for high spatial frequencies), which contributes to increasing the refractive index modulation. In the case of thick layers, results indicate even a stronger thickness shift since the values of the refractive index modulation obtained are 250% higher compared with the ones obtained for holographic gratings in this kind of layers. These results suggest that PVA͞AA based materials present a swelling or a shrinkage during the polymerization process in the experiments carried out. This effect is more important for thick layers. In this sense it is well-known that volume shrinkage acts during the homogeneous polymerization of polymers [38, 39] . 
Conclusions
In this paper we have characterized the optical modulation properties of five interesting chemical compositions of PVA͞AA based materials and for a very wide range of thicknesses (ranging from 75 to 800 m). A novel technique based on a Young's based double beam interferometer is proposed, which allows obtaining real-time direct values for the index modulation of the recording material as a function of exposure. The characterization technique proposed does not depend on monomer diffusion processes, since a uniform exposure (zero frequency) is recorded onto the material. From the point of view of the phase-shift range depth, we have demonstrated the capability of these materials to store phase elements under red illumination. We have achieved large phase shifts between exposed and nonexposed zones exceeding 360°. Values for the sensitivity, linearity, inhibition times, and possible influence of thickness shift have been discussed. This work was supported by the Ministerio de Edicación y Ciencia (Spain) under projects FIS2005-05881-C02-01 and FIS2005-05881-C02-02 and by the Generalitat Valenciana, under project GV06-007.
